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1. Introduction

Though we have had evidence of various sorts since last December
&f a rather stronyg coupling between radial and vertical betatron
oseillations in the main ring, the present experiment. represents
the first guantitative examination of the phenomena. For a number
~of reasons, the experiment was carried out at high energy. Near
 injecticn energy, betatron oscillation studies in the main ring have
}alwayg defied detailed interpretation; indeed, early. in this woerk an
cattempt to cbtain understandable results at injection was unsuccessful.
 A£'hi§h energy, one may hope that linear coupling effects can be isolated;
which; when removed, may facilitate analysis of the low“energy régioﬁ,

as_well as reduce the vertical emittance of the slow extracted beam.

2. Description of the Experiment

By firing the air-core pulsed dipole {(pinger) at station FBS, a
radial betatron oscillation can be initiated at any point in the main-
ring cycle. The behavior of radial and vertical betatron oscillations
on subseguent turns may then be cbserved with the aid of the position
electrodes and associated circuitry.

For example, conslider the two osc¢illoscope traces reproduced oh

~the following page. The upper picture is the radial position of con=
secutive turns at station F48j the lower picture is the vertical
position at F49. The energy 1s 169 GeV. For the first ten turns on
each picture, the beam is unperturbed. The negative signal at F48
 indicaﬁes that the beam is inside the center line; the small positive

gignal on the vertical electrode says that the beam at F49 is a little
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‘above the center of the dsrsctor, From the conversion factors

Radials: 2.3 dnch/velt = 5.8 om/volt
Vertical: ¢.9 inch/volt = 2.3 ow/volt

_Qﬁé Qénﬁiu&mﬁ that the eguilibrium orbit is 1.1 om inside at.?@&_amﬁ
-éem@thiﬁg'l@ss shan a millimeter hidgh at F48. '_ :
_ "'Then.ﬁhé:ping&x is fired, causing 4an inwsrd deflection of the bean
'th@'mex&'éimé it passss F38. The plcture shows that by thg txm9 the'
Leam passes F48 on the same turn, it is displaced outward by g1
The ﬁlﬁﬁiaaemantﬁ exhibited by successive turns indicate that the -
:m@am-mm_un@&xgaﬁmg-a radial betatron oscillation with abmut_ﬁuaxtar.
_;nkagfhl tune. In the vartical plane, no effect of the xadial-pérﬁurm
‘batien is noticeable on the first passage after the “ping," but by the
‘time of the next passage a substantial vertical escillation ﬁas a&réaﬁy
‘besn estaplished. In contrast to the radial case, the vertical Gig~
vlacements on successive turns do not show a simple tune pattern; this
ig not surprising but is what ong would expect for amuplaé-mmti@&.'gin
fact, if the modulation of the radial amplitude due to coupling were |
subgtantial, the radial displacement pattern would also appeay. irreég-
alar. .

The amplitude of the betatron oseillations at each passage annot
e obtained from measurenment at a single detector in each plane; rather
one must messure the displacement at several néighbioring detectors’
‘covering at least one half wavelength of the oscillation to determine
“the amplitude on & given turn.

L he experiment was carried out in three stages. First, observations
fw@r& made as described dbove to study the amplitude growth of th@ varﬁgw
pal omotion. Figure 2 gives the vertical amplitude at the Gﬂd SE-F sectar
TQ@r&h&;ﬁh@-numb@m;gﬁ-@aﬁsagasgaﬁtarfthe_flrlmg”of the hinger, and )
 Figﬁr& 3 the corresponding information for the radial dirvection.

_ ‘Adcording to Figure 2, the vertical amplitude goes through a com-
plete cycle in ten turng~-consigtent with our typical tune Eyllt of
:@&iw The vertical amplitude grows to two-thirds of the maximum radial
famﬁlitude;-by conservation of energy; one would expect a 25% modulation
Umffthe radial amplitude. Since there is considerable noise in the
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radial amplitude data, one can only say that the m@&ui&ﬁian'in}?iguke

318 about right. _
Figure 4 shows the vertical amplitude at the end of eaah"sedtof':_

;foﬁ four turns after excitation of the radial oscillation. One can

see that the coupling does not arise from one or two places in the

ringi rather, the sources are distributed,
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In Flgure 5, we plot the radial and vertical displacement verﬁus"f
‘station location at the .end of F sector after one turn, - The two waves
differ in phase by about A/4. The observation that the vertical wave
i% ¢rossing the axis in the upward direction wheére the radial displace-

ment is a maximum outwar&.suggeStS~thefﬁhandé&HESsﬁ*of”théw¢0u9;ingﬁﬂ

T g‘:‘
k: St

_ The First phase of the experlment concluded by vexxfylng Lhat thef
-fmaln features of the ceumlzng, ag shown in Figures-2, 3, and 5,_were )
'lndepenéent of radial position and pinger amplitude. | _' o i
- : The second stage of the experlmenb consisted of rolzlng the 51x."

'--gtatlon 25 guadrupoles througb the same angle, and remeasuring the

-coupllngm ‘The reasoning used to arrive at these guad moves was as
“follows. L
Though in general the phase of the vertical motion with xeaﬁact _
_ ﬁO'the radial may take on any value for various distributions of skew-
‘ing elements, a very simple distribution--namely, zeroth harmonice«will
produce. the observed 2/4 phase difference. 7Thus, a first attempt at
corrective action suggests itself: roll a number, sav six, of symmeﬁfi¥
cdally placed guadrupoles of the same focusing character through the
'_sama'angle, The sense of the angle isg, of course, that which will - .
produce a vertical motion of opposite sign to that which was observed;
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A e;;.uﬁﬁliéxgﬁx radius sides QE'VQXﬁiaaliy focusing. QuRQS'Shmui& &e"

Comoved dawnwaré by the xallf and ﬁhe reverse for radially . f&cmslng

Guads: The fraatm@a of the rmdlal amplitude appearing in the vextlcal
-after Qm@:tuxn For tHis symmetrlm skewing 18 approximataely zéN?.whera_
‘6 is the angle through which each of the N quads ig roiled. The _
ﬁa%éérVeﬁ'@&tiG is about 1/5; the desive 1o attempt a half morractxcn S
flnltmal}y lead to the gelection of an 8 milliradian roll angl@ﬁ, N

) rem&a%ux&m&mﬁ of the vertzaaz dﬁﬁ radisl am@imimdeg asa fumctlmn-f'
of the nunber of turns Ffollowing the ping produced the ﬁaﬁa Qlatt@ﬁ lﬂ :

Figur@ & -and 7 below. HNow the ratio of the maximum vertical amplltude

to the maximum radial amplitude is about four tenths. Since t&@7¢0wpiimg
haé been raduced, it takes a bit of imﬂgimaﬁiaﬂ to extract the md&ﬁi&éiéﬁ{
.'iﬁTﬂhE'fa&iaiygiane.fr@m Figuxé 7. -
In FPigurew 8 and 9, we plot regults at 47 GeVy the resemblance
Wikh Figures & and 7 indicates that there is no sirong energy dependence.
The third step in the @xyeﬁiﬁ@hﬁﬁ@ﬁﬁmiv@@ rolling six more guadgs-
those at stakion 43+-by 8 milliradian in the same sense as before.
Figures 10 and 11 show the results of subseguent measurements at 169
GeV. The wvertical amplitude is now a factor of ten less than the

radial amplitude.
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The above completed, at least for the time being, the hidgh-energy

'phase of the coupling investigation. At this writing, study of the
low-energy region is in progress, and we will defer further analysis
af the Present experiment so that we may combine the low and high-enerygy

“discussion in one report.

D. A. Edwards



